Proton computed tomography (CT) has been described as a solution for imaging the proton stopping power of patient tissues, therefore reducing the uncertainty of the conversion of x-ray CT images to relative stopping power (RSP) maps and its associated margins. This study aimed to investigate this assertion under the assumption of ideal detection systems. We have developed a Monte Carlo framework to assess proton CT performances for the main steps of a proton therapy treatment planning, i.e. proton or x-ray CT imaging, conversion to RSP maps based on the calibration of a tissue phantom, and proton dose simulations. Irradiations of a computational phantom with pencil beams were simulated on various anatomical sites and the proton range was assessed on the reference, the proton CT-based and the x-ray CT-based material maps. Errors on the tissue's RSP reconstructed from proton CT were found to be significantly smaller and less dependent on the tissue distribution. The imaging dose was also found to be much more uniform and conformal to the primary beam. The mean absolute deviation for range calculations based on x-ray CT varies from 0.18 to 2.01 mm depending on the localization, while it is smaller than 0.1 mm for proton CT. Under the assumption of a perfect detection system, proton range predictions based on proton CT are therefore both more accurate and more uniform than those based on x-ray CT.
Introduction
Proton radiography and computed tomography (proton CT) have been studied since the early 1960s (Cormack 1963 , Koehler 1968 , Steward and Koehler 1973 , Hanson 1979 . These techniques were ruled out by x-ray tomography in the past fifty years. Recent developments of proton and carbon therapy centers have renewed the interest in high energy charged particles as a radiological tool. The evolution of tracking and calorimetry detectors applied to high energy and nuclear physics experiments has also motivated recent studies on proton imaging (Schulte et al 2004 , Sadrozinski et al 2011 , Scaringella et al 2013 .
The application of proton CT in a proton therapy treatment planning was proposed in the 1990s Pedroni 1995, Zygmanski et al 2000) . Besides the possibility of using a single machine for patient imaging and treatment, a more precise reconstruction of the tissue stopping power is one of the main advantages of proton CT.
A proton therapy treatment plan aims to optimize the dose delivery to patients. Due to the steep Bragg peak fall-off of charged particles, uncertainties on proton range calculations need to be carefully translated in treatment safety margins. Relatively large margins tend to limit the therapeutic outcome of proton therapy. The main uncertainties are currently related to the limited precision of some physical quantities, e.g., the mean ionization energy used in stopping power calculations, to calibration steps required to convert x-ray planning CT images into stopping power relative to water generally called relative stopping power (RSP), and to patient positioning and anatomy (Paganetti 2012 ).
In the current clinical practice, dose calculations in proton therapy are computed from tissue attenuation coefficients obtained from x-ray CT images. A stoichiometric calibration (Schneider et al 1996) is applied to convert the x-ray CTs in RSP maps. Proton range uncertainties arising from such a conversion are difficult to quantify due to a strong tissue dependence. According to various studies, resulting range uncertainty varies from 0.8% (Matsufuji et al 1998, Chvetsov and Paige 2010) to 3% (Schaffner and Pedroni 1998, Yang et al 2012) depending if the uncertainty due to the mean ionization energy (about 1.5%) is included. Resolution of CT images, including possible x-ray CT artifacts, can also affect the accuracy of reconstructed RSP maps. Including main uncertainty sources, current proton therapy safety margins on ion ranges are between 2.5%+1 mm and 3.5%+3 mm depending on the proton center (Paganetti 2012) .
Proton CT has the potential to improve the accuracy of proton therapy treatments by a direct reconstruction of RSP maps. Another potential benefit is the reduction of imaging doses compared to x-ray CT. Several studies have already demonstrated the capability of proton imaging to reconstruct tissue RSP at a high resolution (Schulte et al 2005, Depauw and Seco 2011) . However, the quantification of the improvement with respect to x-ray CT is still missing.
This study aims at quantifying the theoretical accuracy of RSP maps reconstructed from proton CT and the impact on the prediction of proton ranges. We have developed a Monte Carlo simulation framework based on Geant4 (Agostinelli et al 2003) to compare proton therapy dose maps computed from an x-ray or a proton CT scanner. This framework followed the main steps of a clinical treatment plan, i.e. proton or x-ray CT imaging with ideal detection systems, RSP maps reconstruction based on the scanner calibration using a tissue-equivalent phantom and calculations of the proton dose maps. A computational phantom of a human was used for imaging and for proton dose calculations. The resulting dose maps were compared to evaluate the interest of proton CT in the planning of proton therapy.
Materials and methods
A simulation toolkit was used to simulate a proton treatment from patient imaging to dose deposit. This in silico study relied on GATE v6 (Jan et al 2011) , a Monte Carlo software based on Geant4 version 9.5.p02. Dose maps computed on simulated x-ray and proton CT images were compared to a common reference. A schematic summary of the study framework is shown in figure 1 and detailed in the following sections.
Virtual patient
The anatomy of the virtual patient was that of the human-tissue computational phantom of the International Commission on Radiological Protection (ICRP) (ICRP 2009) . ICRP phantoms include the positions and the chemical compositions of the organs of male and female subjects. We used the female phantom which is better resolved (voxel size of × × 1.775 1.775 4.84 mm 3 ). Three anatomical sites were selected to include a large distribution of tissue densities and compositions: the head, the lungs, and the liver regions. The phantom was put in a vacuum medium for the full analysis including imaging and dose simulations.
Reference map
The materials map of the ICRP phantom was converted to a RSP map of 300 MeV protons using the Geant4 stopping power table produced during the initialization of the simulation (Wright 2013) . This RSP conversion is based on material compositions and densities. The map was resampled to the same isotropic × × 1 1 1 mm 3 voxel size using nearest-neighbor interpolation for consistency with the simulated x-ray and pCT images. Reference dose maps were computed from the energy deposition in defined ICRP materials. Proton beam simulations used to estimate reference proton ranges are described in section 2.5.
X-ray CT
The simulated x-ray CT scanner was described in the GATE framework as a flat panel and a realistic polychromatic cone-beam, positioned at 100 cm from the isocenter. The photon energy distribution of the source in GATE was generated with SpekCalc (Poludniowski et al 2009) using a 120 kV voltage. The detector response, which corresponds to the detected energy as a function of the incident energy, was that of a CsI scintillator (Roberts et al 2008) with a × 533 67 mm 2 size at the isocenter. The source trajectory was a circle with 1° steps. To speed up the simulation process, Digitally Reconstructed x-ray Radiographs (DRRs) were produced using a GATE module for deterministic simulation based on ray-casting of the attenuation coefficient maps at each energy. Scattered particles were not considered in the simulation to approximate ideal conditions with antiscatter grids. The defined system is a realistic scanner with known characteristics for beam-hardening correction and perfect scatter correction. X-ray CT images were reconstructed using a 2D filtered backprojection algorithm with a voxel size of × × 1 1 1 mm 3 after a precorrection for beam hardening using a lookup table describing water-equivalent thickness.
A deterministic x-ray simulation corresponds to a perfect image produced with an infinite dose. Realistic radiographs were obtained by adding statistical noise. The expected number of photons in each pixel was computed and Poisson noise added accordingly. The relation between the number of photons and the dose to the patient has been established using a variance reduction technique already integrated to the GATE framework (Smekens et al 2009 (Smekens et al , 2014 ) and used to adjust the x-ray imaging dose. A dose criterion based on the image dose maps and the corresponding dose-volume histograms has been chosen to deliver similar doses with both x-ray and proton CT. The dose-volume criterion was the patient volume that received 1 mGy or more.
A clinical Gammex 467 tissue characterization phantom was simulated to produce the x-ray calibration curve required to convert Hounsfield units into RSP. This phantom is made of a 33 cm diameter cylinder of solid water with sixteen 2.8 cm diameter inserts of various tissue equivalent materials (figure 2). The RSPs of the inserts were computed using Geant4 for a 300 MeV proton beam. Compositions, physical densities, stopping powers and RSPs obtained for the Gammex materials are listed in tables 1 and 2 (Landry et al 2013) .
The RSP maps obtained from x-ray CT images rely on the calibration curve that converts Hounsfield units into RSP. Two different approaches were tested to determine the impact of the calibration on the reconstructed RSP maps. The first calibration approach corresponded to a linear interpolation of the reconstructed values of the Gammex 467 phantom. The second calibration approach corresponded to a least-squares adjustment using two linear functions. The use of this RSP map in the treatment simulation is described in section 2.5.
Proton CT
Proton CT reconstructs RSP maps from the measure of the energy loss of protons through the object. The stopping power
is generally approximated by the Bethe-Bloch equation
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This equality would be exact if the map of proton stopping power relative to the proton stopping power of water was constant with the proton energy. This assumption is verified with less than 0.7% variations for Gammex 467 materials in the 80-300 MeV energy range (figure 3, right). By making the approximation that the ionization energy is spatially constant and equal to that of water, i.e. Γ ( ⎯ → ( )) ≃ I l I water , the reconstructed image can also be considered as a map of tissue relative electron density 
The effect of the two approximations was evaluated on the Gammex 467 materials (figure 3, left) which showed that it is more accurate to consider the reconstructed image as a map of tissue RSP rather than a map of relative electron densities. The simulated proton CT scanner corresponded to an ideal detector composed of two planes at the entrance and the exit of the phantom, to register the proton position, direction and energy before and after the patient. The proton source was a cone beam positioned at 200 cm from the isocenter. The longitudinal axis of the phantom was perpendicular to the wide-angle plane of the cone beam. The two planes, of size 100 cm × 100 cm, were positioned at −80 cm and 80 cm with respect to the isocenter. The planes were assumed to be perfect detectors, which measured the exact energy, position and momentum direction of each proton. For each simulated scan, the phantom was rotated in 360 steps of 1° and about × 9 10 8 protons were used for the whole scan. The selected initial energy was 300 MeV, which corresponds to the energy required for the largest part of the ICRP phantom in order to get at least 80 MeV residual energy for the exit protons. This energy was selected to fulfill the assumption of a constant RSP with the proton energy with less than 1% variation (figure 3, right).
Due to Coulomb scattering, protons are deflected many times along their path. It has been shown that an estimate of the position and the direction of each proton (i.e. in a list mode manner) before and after the patient enables the computation of a maximum likelihood estimate of the proton trajectory known as the most likely path (MLP) (Williams 2004 , Schulte et al 2008 . In the proposed analysis, proton CT reconstruction was based on a filtered backprojection algorithm recently developed to include the MLP formalism using a distance driven binning approach (Rit et al 2013) . Proton CT images were reconstructed using a voxel size of × × 1 1 1 mm 3 . The Gammex 467 calibration phantom was used to validate the accuracy of RSPs provided by proton CT. The maps were then used in the same manner as with x-ray maps to estimate their accuracy for proton dose simulations as described in the next section.
Proton range prediction
Proton pencil beams were simulated for a variety of positions and directions, without clinical considerations, to estimate the accuracy of the prediction of their range based on x-ray and proton CT. For each anatomical region (liver, head and lungs), four incident directions have been selected, spaced by a 90° angle in the axial plane (figure 4). Multiple pencil beams of initial gaussian shape (σ = 5 mm) were simulated to reach a total width that covered the lateral size of the phantom. The beams tangent to the patient skin were discarded. The beams were perfectly mono energetic with an energy of 140 MeV for the liver and the head regions, and 100 MeV for the lungs. These energies correspond to a mean proton path of about 120 mm. Dose maps were computed using the energy deposit in each voxel. The longitudinal projection on the beam axis of the dose distribution of each pencil beam was interpolated by a cubic spline function to avoid binning effects related to the voxel size of the ICRP phantom. Proton range was defined as the position for which the dose has decreased to 80% of the maximum dose (Paganetti 2012) .
In Monte Carlo simulations, there is an uncertainty on the proton range induced by the straggling of the exit beam energy. In order to limit the impact of this uncertainty on the range estimate, a large number of particles have been simulated for each of the 5 mm pencil beams. The number of protons per beam has been computed to reach a statistical range uncertainty lower than 0.05 mm (1σ), which is less than 0.05% of the mean proton range, for the irradiation of a water box. This proton number was × 1.5 10 6 protons per beam.
RSP to material conversion
For a proton therapy treatment plan based on Monte Carlo, reconstructed RSP maps need to be transformed into Monte Carlo materials with specific compositions and densities before applying dose calculations. This material calibration is required to produce dose maps by simulating proton interactions in the patient. In the proposed analysis, RSP maps reconstructed from x-ray and proton CT images have been transformed voxel-by-voxel into water equivalent materials. For each voxel, the water density has been adjusted in order to reach the reconstructed RSP value of the voxel. This step could introduce some uncertainties related to wrong materials composition. This additional uncertainty should be separated from the uncertainty related to the accuracy of the RSP reconstruction process. A specific treatment plan has been developed to quantify the impact of the material composition on proton range calculations (figure 1, dashed branch). RSP maps have been produced using the ICRP phantom voxels information in the anatomical liver region. These RSP maps have then been converted into water equivalent materials by adjusting the density of each voxel. Following the same procedure as the one used for the x-ray CT and the proton CT plans, a set of pencil beams were simulated in four incident directions to compute proton ranges. The results were compared to the predictions of the reference plan based on the true ICRP materials composition. The comparison showed that range uncertainties introduced by wrong material compositions are not significant compared to the above-described range uncertainty of 0.05 mm. This result validated the use of water equivalent materials for proton range calculations in this analysis framework.
Results

Calibration
Calibration curves obtained with x-ray and proton CT scanner simulations of a Gammex 467 phantom can be observed in figure 5. The curves have been produced from the mean value and the standard deviation of each insert computed in a circular region (2 cm diameter) slightly smaller than the insert size to avoid border effects. For soft tissue inserts with a Hounsfield Unit (HU) value around 0, some inserts with similar HU value have a quite different RSP.
Reconstructed values from x-ray CT have been both linearly interpolated (figure 5, left) and fitted with two linear functions in a least-squares minimization ( figure 5, middle) . Reconstructed values from the proton CT (figure 5, right) have been adjusted with a unique linear function close to identity which was therefore not used in the following.
Imaging dose
The dose maps of each site and each modality are provided in figure 6 and the corresponding Dose Volume Histograms (DVHs) in figure 7. The DVHs have been computed in the full patient volume of about 220 litres. Large differences can be observed between the two maps with significantly more heterogeneity in the photon dose maps and quite impressive uniformity in the proton dose maps. This translates into sharper DVHs for proton CT than x-ray CT, corresponding to a dose delivery more conformal to the imaged region. The dose criterion, i.e. the same volume receiving 1 mGy or more in both modalities, is best visualized in figure 7.
Relative stopping power maps
One slice of each RSP map is presented in figure 8 . A slight blurring of proton CT images due to multiple Coulomb scattering can still be observed, despite the use of a reconstruction algorithm accounting for the most likely path of protons (Rit et al 2013) .
Voxel-by-voxel absolute deviation of the RSP has been computed for all RSP maps. The absolute deviation of the RSP is defined as the difference between reconstructed x-ray or proton CT RSP maps and the ICRP reference map. Results for the three sites have been combined in figure 9 .
Spatial uniformity of RSP deviation can also be observed in two dimensional image slices. The absolute deviation between the x-ray and proton CT RSP maps and the ICRP reference were used to produce figure 10. 
Proton range
Proton ranges were estimated for the three anatomical sites. X-ray and proton CT based calculations have been compared to reference proton ranges. The absolute range deviation was computed beam-per-beam and their distribution has been summarized in figure 11 .
Using pencil beams with 120 mm range on average, the mean absolute deviation of the range prediction based on x-ray CT varies from 0.18 to 2.01 mm while it is smaller than 0.1 mm for proton CT. Range standard deviations are about 30% lower, and dispersions between sites are reduced from about 1 mm to less than 0.1 mm. The comparison of the two x-ray CT calibration methods highlights smaller mean range deviations with the linear interpolation but a larger dispersion between anatomical regions. 
Discussion
We have developed a Monte Carlo framework to estimate the accuracy and the precision of the simulation of proton dose deposits. The main steps of a conventional dose simulation, i.e. scanner calibration, RSP maps reconstruction and dose calculations, have been reproduced and analyzed to assess the performances of proton CT imaging for an ideal detection system. Proton CT has been compared to the corresponding results obtained with an x-ray CT scanner without scattering. A higher accuracy of the proton CT has been observed, both for the RSP reconstruction and for the range predictions.
Two different calibrations of x-ray CTs to RSP maps have been tested (figure 5, left and middle). Linear interpolation was selected as one of the most basic methods in order to avoid the effect of outliers. The fact that two materials with different RSPs can correspond to a similar HU value will necessarily introduce some deviations in the reconstructed RSP. Least-squares minimization was selected to improve the calibration by limiting a too strong tissue dependence. The mean deviation for a given anatomical slice will depend on the quality of the adjustment for the most frequent tissues. The impact on proton range prediction is difficult to anticipate. The mean range deviation could be small if the RSP deviations balance each other along the proton beam, or quite large if they deviate in the same direction. The use of a more complex method based on a stoichiometric calibration could help to further reduce the conversion error (Schneider et al 1996) . However, the stoichiometric calibration is based on ICRP materials that are also used in the ICRP phantom and its use would have unrealistically favoured x-ray CT. More advanced parameters, e.g. the number of inserts used for the calibration (Jiang et al 2007, Bazalova and Graves 2011) , have not been tested in this analysis but inter-patient variability and related uncertainty on tissue composition limits the potential of such calibrations (Yang et al 2012) .
As expected from the Gammex 467 phantom analysis (figure 3, left), proton CT enables a precise direct derivation of tissue RSP (figure 5, right). Assuming that the scanner is perfectly calibrated, no calibration will be required for a proton therapy treatment plan based on proton CT. Besides making the process easier, avoiding calibration could help to limit uncertainties related to x-ray CT images artifacts like beam hardening or metal implant streaks.
The energy of the proton beam used in this study was 300 MeV to cross the thickest parts of the ICRP phantom with clinically acceptable doses while still providing a high enough residual energy to validate the hypothesis of constant RSP with respect to water. Although quite rare at this time, this energy should be accessible by future proton therapy systems (e.g. ProTOM Radiance 330). A lower beam energy, around 200 MeV, would be sufficient for thinner anatomical sites such as the head region. One of the advantages of using a lower proton energy in thinner regions is to decrease proton imaging dose for a similar RSP resolution (Schulte et al 2005) . If the highest possible energy of the proton beam is not sufficient to image the patient, it is still possible to acquire proton CT images if it is combined with x-ray cone-beam CT (Hansen et al 2014) .
Despite a similar dose level used to produce x-ray and proton CT images, spatial distributions of the delivered dose appeared quite different (figures 6 and 7). Proton dose maps displayed an impressive uniformity compared to photon dose maps. This uniformity is due to the linearity of the proton dose before the Bragg peak. Due to this linearity, the combination of opposite beams results in a spatially uniform dose distribution. The dose in the coronal slices has a sharp fall-off in proton CT whereas the dose due to secondary radiations is not negligible outside the photon beam. The possibility to constrain the dose delivered by a scanner to the primary beam region could be of great interest for patient radiation protection in regions close to organs at risk, e.g. breast tissue of a young female patient with lymphomas or head and neck cancers close to the eyes region.
A comparison of the RSP maps obtained with x-ray and proton CT showed that proton CT enables a more accurate RSP reconstruction of all anatomical sites (figure 9, left). Mean RSP absolute deviations are between 3 and 17 times larger for the x-ray CT, depending on the calibration method and the anatomical region. Spatial distribution of the RSP deviation shows that the accuracy of proton CT reconstruction is relatively uniform. This weaker tissue dependence could help to produce a more robust estimate of the proton range between patients. Larger deviations correspond to borders separating two tissues with a quite different RSP. The spatial resolution of proton CT images could explain this. As expected from previous results, x-ray CT reconstructed RSP maps are more dependent to tissue spatial distribution and reflect more the anatomical structures, particularly for the linearly interpolated calibration.
Range calculations using dose projection on the central beam axis, were not found to be significantly dependent on the material composition (section 2.6). Therefore, water equivalent materials were used in the simulated treatment planning. However, the strong atomic-number dependence of proton scattering could affect the spread of the proton beam and the related three dimensional spatial dose distribution (Paganetti 2012) , especially for heterogeneous interfaces. The developed Monte Carlo framework could be used to assess the impact of material composition on proton scattering by a comparison of three dimensional proton dose maps. If the deviations were found to be significant, proton CT could also be used to measure other tissue properties than the RSP (Bopp et al 2013) .
Proton CT enables a more accurate estimate of the proton range for all anatomical regions (figure 11). A better calculation is noticed for the mean and standard deviation of the range distributions, and for the dispersion from site-to-site. These results, obtained for ideal detectors, could form the basis of a complementary analysis including realistic detector performances. Based on the characteristics of actual proton scanners (Sadrozinski et al 2013 , Scaringella et al 2013 , such a simulation framework of a proton therapy treatment could be used to estimate the expected performances of proton range calculations. The parallel analysis of simulation and experimental data could also help to determine the more significant technical constraints of future scanners by directly testing the impact of energy resolution or tracking precision (Bopp et al 2014) on the proton range estimate.
Conclusion
A Monte Carlo framework has been developed to assess the theoretical performances of proton CT for the simulation of the patient dose in proton therapy. The reconstructed RSP maps with proton CT were more accurate than the RSP maps obtained from x-ray CT images. Proton range calculations based on proton CT are therefore both more precise and more uniform with a weaker dependence to the spatial distribution of tissues. Smaller treatment margins could therefore be used if proton CT was available to plan proton therapy. Proton CT also benefits from the uniformity of the imaging dose distribution and its high conformation to the primary beam region.
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